Introduction Stimulant medication is a well-researched treatment for attention deficit hyperactivity disorder (ADHD) and is among the most effective treatments in psychiatry. Parents often want to know more about the long-term risks and benefits of medication. Our objective was to review the seminal papers on long-term outcomes of stimulant treatment for ADHD for the purpose of providing clinicians with the background they need to interpret these findings for patients. Methods We reviewed key articles on long-term outcome of symptoms, comorbidity, substance use, executive functioning, academics, side effects, neurobiology, functioning, and quality of life. Results Stimulants are very effective medications in the short term when used optimally. Long-term randomized, placebocontrolled studies are not feasible. Long-term naturalistic studies are limited by absence of controls.
Introduction
Clinicians routinely have to summarize the risks and benefits of stimulant medication to their patients. Parents are often as concerned about whether stimulants will have any long-term beneficial or detrimental effects, as they are about the immediate effects of medication. The clinician is often in the position of having to address parents' questions about the longterm risk and benefit of medication. For example, parents may assume that if their child is performing better in the classroom now, this will increase the chances that they will show greater academic achievement in the long term. Parents are also often concerned about possible invisible long-term effects of psychotropic medication on brain health. This has been an anathema as long as clinicians have been using stimulant medication for ADHD in children. Can we assume that the often dramatic, immediate response we see when stimulants are initiated predicts a better outcome in adulthood?
Currently, there is a wealth of research on the use of stimulant medication for the treatment of attention deficit hyperactivity disorder (ADHD) with the most prominent study being the NIMH Collaborative Multisite Multimodal Treatment Study of Children With Attention-Deficit/Hyperactivity Disorder (MTA; [1] ). The MTA compared four distinct treatment strategies (i.e. medication, behavioural treatment, combination medication and behavioural treatment and community care) as part of a randomized control study (RCT) of 579 children diagnosed with ADHD as per the DSM-IV. At the end of the randomized trial (14 months), a local normal control group was added and all patients were followed prospectively. We have ample evidence of short-term efficacy [2, 3] , but sparse evidence of long-term effectiveness.
There are a number of limitations to consider when exploring the long-term effects of medication for the treatment of ADHD. Very few patients stay on medication for the duration of the study; for example, the MTA found that at the 8-year follow-up, only 32.5 % of the participants were medicated at least 50 % of the days in the previous year [1] and only 10 % were on medication at the 16-year follow-up (personal communication, Lily Hechtman). There may be a selection bias towards patients with more severe impairment opting to continue medication, therefore limiting the conclusions that can be drawn from naturalistic follow-up studies. In addition, naturalistic studies follow patients who are being seen in the community and whose outcome may be less favourable than would be found in expert care, as demonstrated in the MTA [1] .
It is possible that for some patients, medication facilitates the acquisition of executive function skills, but current research suggests that new skills may also be facilitated by training (organizational skills training [4] , cognitive behaviour therapy [5] ) with or without use of medication. The common adage 'pills do not teach skills' implies that just as it may be possible to teach new skills even in the absence of medication treatment, use of medication alone cannot be assumed to lead to new habits. With these limitations in mind, our objective here is to review the seminal papers on long-term outcomes of stimulant treatment for ADHD in children and to formulate an evidence-based, patient friendly statement regarding longterm outcomes of stimulant medication.
Methods
Using PsycINFO, Google Scholar, and Medline search engines and using the terms long term, outcome, stimulant, ADHD, and treatment, we identified articles that examined and reviewed the long-term impact of stimulant medication on various aspects of functioning. Key search terms such as neurobiological changes and academic performance were added following the initial search. This is not a comprehensive review of long-term outcome studies of which there are several [6••, 7•, 8] . We have selected salient studies on each outcome to determine the state of the art at this point of time. Prominent articles were chosen based on their unique contribution to our understanding of long-term impacts and their frequency in reviews. Our selection of outcome variables was limited to those outcomes for which evidence is currently available. For the purposes of this review, short-term outcome was defined as less than 4 months, intermediate outcome as between 4 and 12 months, and long-term outcome as anything more than 1 year.
Symptom Reduction
Studies examining symptom reduction have found a beneficial effect for stimulant medication in the reduction of ADHD symptoms. This finding has been consistent across the literature and found to be specifically related to the continued use of medication and medication adherence [2, 9] . We can assert with confidence that stimulants are efficacious for symptoms of ADHD in the randomized double-blind placebo-controlled trials in short-and intermediate-term studies [10] .
The MTA extended the robust literature on the efficacy of short-term stimulant for select patient populations to longerterm effectiveness outcomes in a more naturalistic sample. There is evidence that assignment to a medication treatment arm continued to confer some additional benefit after randomization was discontinued for up to 3 years [11] . After 3 years, the effects of the 14-month randomization were no longer evident. The MTA study at the 8-year follow-up found that the improvement found in symptoms was sustained [1] , even though the selective benefit of randomization to medication was not longer evident.
While we know that stimulants are a very effective treatment during the period in which they are prescribed, they are often understood as like 'glasses for the brain' rather than a 'cure'. Other strategies such as learning adaptive skills or restructuring the social environment to be ADHD friendly may also mitigate impairment from symptoms, and again, these effects would likely endure for as long as the coping strategies remain in place. Stimulants are not an absolute requirement for a good outcome, nor do they guarantee a good outcome in individual cases. These are drugs that for the most part offer control of symptoms for the period of time that the drug is administered at an effective dose.
Comorbidity
There is also a growing interest in the effect of stimulant medication on comorbid conditions such as depression, anxiety and disruptive disorders. One study has found that stimulant medication protects against later risk for depressive, disruptive and anxiety disorders [12] . The MTA study found higher rates of delinquency in children who were prescribed medication at the 36-month follow-up; however, the relationship between medication and delinquency was unclear [13] . Other studies have shown associated negative emotional or mood side effects with a delayed onset that may not be evident until up to 4 months after starting treatment [14, 15] . Although stimulants can have negative psychiatric side effects (e.g. blunted affect), it is important to distinguish between side effects and psychiatric comorbid symptoms as ADHD itself is a risk factor for comorbid anxiety and depressive symptoms.
Stimulants may both mitigate and/or be a cause of side effects that look like comorbid psychopathology in individual children. This can depend on the nature of the comorbid symptoms (such as blunted affect, dysphoric mood, irritable mood), the individual risk profile of the child and the nature of the treatment. It is possible that stimulants lower the risk for later comorbidity [12] ; however, one consideration is that there is a possible selection bias towards children with low risk for comorbidity being less likely to be treated with stimulant medication. Parents are perhaps best advised to be vigilant that the effects of stimulants may have an impact on non ADHD symptoms, both for the better (a protective effect on the emergence of comorbid conditions) or for the worse (treatment emergent psychiatric side effects). This is not an inconsequential recommendation. All too often, parents may fail to report changes in affect or cognition, because they do not understand that a medication can have both psychiatric and somatic side effects.
Substance Abuse
There were concerns in the past over whether treatment of ADHD with a controlled substance might increase the risk for future substance abuse. Wilens et al. suggested that on the contrary, the use of stimulants in childhood might actually decrease the risk of future drug and alcohol use disorders [16, 17] . Other, more recent studies have continued to show that stimulants might have a protective effect in mitigating the risk for later substance abuse [18] . However, the evidence on whether stimulants decrease the risk for later substance abuse is inconsistent. The MTA study found that medication did not protect from, contribute to, or create a risk for substance use or substance use disorders in adolescence [19] . Although there is evidence to suggest either no effect or a possible protective effect of stimulant medication, there continues to be concern regarding the risk of use of stimulant medication in youth who are already engaging in some substance use [20] .
The clinician can reassure families that there is no ground for the concern that the use of a controlled medication will somehow prime the brain or increase the risk for later substance addiction. It has become commonplace for clinicians to go further and state that stimulants have been shown to protect against later substance abuse. The evidence for a protective effect of stimulant treatment on later substance abuse is inconsistent. At this point in time, we may be able to tell parents that there is some evidence to suggest that stimulants may have a protective effect against future substance abuse.
Executive Functioning and Organization
There is little research on the long-term effects of stimulant medication on executive functions in patients with ADHD. The lack of data on short-term efficacy of medication for these difficulties is striking, particularly in the face of robust data on the efficacy of treatment in adults with or without medication [21] and for children who receive organizational skills training [4] . Some cross-sectional research has found improved executive function in children with ADHD-Combined type during the period of medication treatment [22, 23] . In fact, the first well-controlled studies of immediate, short-term effects of stimulants on executive functions as an outcome are only emerging recently [24] . The data for executive function outcomes in long-term studies is negligible. This gap in the literature is concerning given the high association between problems in executive functioning and ADHD [25, 26] and our understanding that work habits are highly predictive of adult outcome.
Increased awareness of the clinical importance of executive function as an umbrella concept and more specific target areas subsumed awareness, such as organization, has made it clear that we need to know more about whether stimulants facilitate acquisition or maintenance of organizational skills. There is one double-blind randomized controlled study (DBRCT) to say that stimulants are efficacious in the treatment of executive functions. There is also now more than one study suggesting that psychosocial treatments are also effective treatments for executive dysfunction, whether or not stimulants are present [21, 5] .
Stimulants alone may improve executive function and/or organization in some patients, while additional training in these skills is required for other patients. Some patients may improve with training in organizational skills, regardless of whether they have responded to stimulants or can take stimulants. Organizational skills training (with or without medication) is an evidence-based and highly effective treatment for organization deficits [4] . Abikoff and Hechtman did not find the addition of behavioural treatments to medication predicted better outcome [27, 28] . However, medication in this study was very carefully monitored and adjusted on a monthly basis for 2 years and the families were very high functioning and so may have provided additional interventions themselves.
Patients may want to know whether stimulants will improve specific targets such as working memory, time management, or organization in the long term. They may also want to know whether state-dependent acquisition of organization skills while on medication will translate into an enduring trait. We do not have evidence to support the idea that the acquisition of these skills at the time of treatment will be generalized to how the patient functions off medication. However, the absence of evidence does not mean that early treatment benefit does not translate into changes that do endure.
Academic Outcomes
Stimulant medication has been shown to have a robust effect on academic performance in school, but there is very limited evidence to suggest that stimulants have a direct or clinically meaningful effect on achievement. Hechtman and Abikoff studied long-term academic outcome in children treated with well-titrated and monitored medication, alone, in addition to multimodal psychosocial treatment, or an attention control. Although in this study, there was no placebo group, the fact that all three groups had equal and very substantial academic improvement suggests that medication as administered in this study may have had an impact on academic achievement during the time it is given [28, 29] . Stimulants have been described as improving test-taking ability (e.g. improved concentration), homework completion, productivity, listening, note taking and handwriting. There is population data suggesting that earlier start of stimulants mitigates the decline in math achievement associated with ADHD [30] . The effect of stimulants on academic performance in school is often described as an improvement in a student's ability 'to show what they know', as opposed to an improvement in the potential for learning per se.
Scheffler and colleagues [31] found that the typical trajectory of achievement over a 5-year period produced gains equivalent to .19 school years for math and .29 school years for reading. These were robust statistical findings, but their clinical significance is less clear. It is hard to make the case that a gain of the equivalent of 1 to 4 months of schooling, after years of medication treatment, is clinically significant. Furthermore, the data from retrospective case control studies does not support this finding. Some studies have failed to find an association between stimulant treatment and academic achievement outcome [32] .
The long-term follow-up of the MTA found that only math achievement was higher, and not reading achievement, academic performance or grade point performance, at the 8-year follow-up point. However, they also note that there was a maintenance of the initial overall achievement scores for all treatment groups [1] independent of whether or not they had been assigned to a treatment that included medication. This would seem to suggest that it is not so much medication itself, but whether or not there is an early improvement in academics that is mediating the long-term academic outcome. This may be significant in that it is now much more common to mitigate the performance difficulties of children with ADHD with accommodations such as increased time on tests, or use of computer technologies.
All of these studies may suffer from referral bias. It is unclear whether the families that elected to use medication were more concerned about academic achievement and therefore more motivated to provide academic remediation in addition to stimulant treatment. It is also possible that there could be selection bias in the direction that children at risk for academic failure were more likely to receive stimulant medication. Lastly, if selection bias was acting in both a positive and negative direction, the mediating effects of the circumstances by which parents elect to use stimulants treatment would mask our potential to identify unique effects of medication itself.
In understanding this literature, there is one finding that appears consistent across multiple studies. It seems reasonable to assume that improved academic performance during the years that a child takes stimulant medication would improve academic achievement as an adult. It is not clear that this is the case. Even those studies that do demonstrate sleeper effects of improved academic performance on stimulants show very modest gains on later academic achievement. This may, perhaps, explain why some of the adults with ADHD that we see clinically are remarkably knowledgeable, even in the face of school failure. It is rare to see this level of disparity between knowledge and academic credentials in other populations.
The best that can be said at this point in time is that stimulants appear to help academic performance although the impact on ultimate academic achievement is less clear. Clinicians can suggest to parents that stimulants are quite likely to lead to an improvement in school performance as measured for example by grades. While it would appear reasonable to assume that early academic gains would translate into meaningful long-term academic success, this is less evident at this point in time. Methodological limitations make research into the question of whether stimulants improve the likelihood of a university degree or other markers of academic achievement known to be predictive of better employment. A final consideration is that other accommodations (e.g. individualized education plans) may be required to remediate other skills and learning in addition to appropriate levels of medication.
Side Effects and Growth
Studies have generally focused on short-term side effects (e.g. delayed sleep, reduced appetite, headaches, weight loss) with the initiation of medication, rather than on long-term effects. Of the long-term studies that have been conducted, few studies have commented on side effects [33] . In a 5-year study, Charach et al. [34] found the most common side effect to be loss of appetite and at least one physiological side effect (e.g. headache, abdominal pain) was reported by at least half of the participants. However, they found that children continued to use medication despite these side effects, suggesting a mild effect.
The relationship between stimulant medication use and growth rates is inconsistent. Early studies suggested that long-term use of high doses of stimulant medication over time has measureable effects on the rate of growth [14] . Some authors have found that some of this dysregulation of growth may be mediated by the ADHD rather than its treatment [14, 35, 36] . Other studies have failed to show the same effect in adults with ADHD who had been followed since childhood [37, 38] and in population-based studies [14] . Open label follow-up studies of stimulant medications have shown growth deceleration, and when it does occur, it appears to be minimal and most common in the first or second year of treatment and then levelling off [39] [40] [41] [42] . Likewise, the MTA found that the initial difference in height and weight in year 1 to be absent by year 3 in the study [11, 43] . Nonetheless, the MTA did demonstrate a consistent difference in height attainment in those who had received stimulants and those who had not. More important, there was a direct dose effect of stimulant exposure and growth deceleration. The conclusions from these studies, and from reviews of these studies, are inconsistent. Apart from the MTA, these studies also do not control for total stimulant exposure.
We can say that both ADHD and stimulants are associated with difficulty sleeping and eating, which may in turn impact growth. While there is some evidence that stimulants are associated with growth deceleration, this has not been confirmed across different study designs, or other methodological procedures. Even in the face of a small risk of growth deceleration, it remains good clinical practice to follow the growth trajectory of each child. This is particularly true for children who are already growth challenged by virtue of being small for gestational age, foetal alcohol syndrome or other factors.
Neurobiological Effects
Research from imaging studies suggest that subjects with ADHD who have received therapeutic doses of medication show attenuation of structural and functional changes that are otherwise seen in unmedicated subjects and controls. For example, cross-sectional MRI studies have found psychostimulant medication treatment to be associated with the normalization of posterior inferior cerebellar vermis [44] , white matter normalization [45] , right ACC normalization [46] , subtle attenuation of reduced splenium volume [47] and attenuation of basal ganglia surface deformations [48] .
One longitudinal study found that psychostimulants were associated with the slowing of overall growth of the cortical mantle over a 4-year period [49] . This study has since been replicated, and meta-analytic reviews support the idea that stimulants may have a neuro-protective effect [50, 51] . The evidence that stimulants protect against cortical thinning is intriguing, but the immediate clinical effects of this finding are not clear.
Quality of Life
Quality of life outcomes are difficult to assess, especially since quality of life is an umbrella construct for health, emotional well-being, life satisfaction and social functioning [52] . In ADHD, the findings on quality of life are complicated by the fact that many studies rely on parent report, which is a proxy for quality of life as measured by the child. This is further complicated by a lack of agreement between parent and child reports of quality of life [53, 54] . In addition, children with ADHD may have a positive illusory bias [55, 56] , which may compromise the validity of self-report by children on their own quality of life. It is clear that ADHD has a profound effect on the quality of life of children-comparable to major medical conditions such as diabetes or asthma [52, 57] . There is also evidence that stimulant treatment mitigates the negative impact of ADHD on quality of life [58] [59] [60] [61] during the course of short-and intermediate-term treatment. Whether this is related to a direct effect of the medication itself or remediation of symptoms that might occur with other treatment modalities is unclear [62] .
Given the difficulties in assessing quality of life, qualitative analyses may provide insight into patient's subjective perception. In one qualitative analysis, Charach et al. [63] found that adolescents on medication were able to complete school work, have increased self-confidence and decreased conflict at home which they identified as positive effects. However, they also found a negative effect on the youth's sense of self with youth reporting that they no longer felt like themselves, were happier off the medication and noticed a change in their personalities. These answers are important to consider, as they effect both the adolescent's decision to continue medication and risk for developing future mental health concerns. Conversely, in a systematic review, Shaw and colleagues [7•] found an increase in self-esteem and social functioning when outcomes were dichotomized to either positive or negative.
Patients may benefit from understanding that stimulant medication will improve the well-being of children as well as their ADHD symptoms. This being said, we do not know that this improvement in quality of life while on stimulant endures later in development. Common sense would suggest that better quality of life as a child would have an enduring impact. Yet again, however, methodological constraints will likely make it difficult to demonstrate this empirically.
Functioning
In one of the few studies to examine functional impairment in a long-term outcome study, Fuentes and colleagues [64] found both stimulant medication and atomoxetine to be associated with persistent and stable improvements in functional impairment as measured by the Weiss Functional Impairment Rating Scale-Parent over a 1-year period. The best data on longterm outcomes of functional impairment after stimulant discontinuation comes from the MTA. There was no relative advantage of stimulant treatment over other treatments at 3 years. There was evidence that early improvement for all treatment conditions predicted continued benefit in the long term [65] . At the 8-year follow-up, although gains were maintained, overall functioning remained significantly lower for the MTA youth relative to the local normative comparison group [1] .
For academic, quality of life and functional outcomes, it would appear that early improvement, whether from stimulant treatment or other factors, predicts later benefit.
Discussion
Consistent with other research [66•] , this review found that there are a very limited number of high-quality studies on the long-term outcome of stimulants [66•] . Methodological problems make it difficult to obtain any randomized or even controlled data over an extended period of time [1] . RCT trials are by definition short term for both reasons of ethics and feasibility. Naturalistic prospective studies that look at the association between early stimulant treatment and later adult outcomes are limited by referral bias, lack of a control and other methodological problems. Naturalistic studies provide information on associations, but cannot be used to infer cause. The issue of long-term impact of medication beyond 2 years [28] , and especially after discontinuation of medication, may not be a researchable question.
A fair interpretation of what we can tell patients at this point in time must include a clear understanding that absence of evidence is not evident of absence. What we do know is that stimulant medication used optimally is a safe and effective treatment for up to 2 years [28] . We also know that while for the most part, the literature described above does not demonstrate a selective longterm advantage of stimulant medication, early benefit and improvement did predict later improvement [67] .
One main concern when reviewing literature on longterm outcomes is that there is considerable inconsistency in how long researchers consider short-, intermediate-or long-term outcome to be [66•] . 'Long-term' has been defined in this paper as over a year; however, in the literature, the definition can range from 12 weeks [6••] to 10 years [12] . In addition, most studies of long-term stimulant outcome up to this point have examined the ADHD-Combined type population as diagnosed by previous versions of the Diagnostic and Statistical Manual. Very few, if any studies, examined the impact of medication for children with ADHD-Inattentive type or sluggish cognitive tempo [68] . Research has also failed to consider contextual and cultural differences, such as North American versus European or Asian populations [66•] .
There is also inconsistency in what is meant by stimulant treatment. The outcomes of Medication Management and Community Care in the MTA were as different as combined treatment and behavioural treatment. Both the medication management and 66 % of the patients treated in the community received medication, but the community group did not do well since medication was poorly given in the community group. In the community group, there was no careful titration to optimal dose with parent and teacher input and no ongoing monitoring once every 2 to 3 months to see if dose adjustment was needed to optimize benefits and decrease side effects. Furthermore, we do not know whether the long duration stimulants might have a greater long-term impact than the immediate release stimulants. Open label follow-up studies of new stimulant formulations, while not randomized, do suggest that stimulants do continue to exert comparable effects at 1 and 2 years of outcome as they did in randomized studies. Given that long-term persistence with stimulant medication is less than 50 %, the most clinically relevant question is whether the robust immediate effects of these medications when they are prescribed have an enduring benefit down the road if they are discontinued. We can for the most part answer this question by saying we do not know. While we cannot promise parents that stimulant treatment will make a long-term difference, it is also important to point out that this is a very high bar for measuring medication effectiveness. We would not ask, for example, if immediate treatment of asthma would prevent recurrence in adulthood.
In the absence of a feasible and sound research design that can address the question of whether stimulants have enduring effects many years later, particularly when medication has been discontinued, this information therefore is likely to remain elusive. We can inform our patients that stimulant medication when used according to best practices is a safe and effective treatment for ADHD, as are non-medication interventions. Medication is effective as long as it is taken and properly titrated, monitored and adjusted. With or without medication, many patients also benefit from skills training (social skills, organizational skills), and these also may need to be implemented in an ongoing fashion. Early improvement in functioning in its own right may be a predictor of longer-term gains suggesting that successful early intervention has a long-term benefit however it is obtained. 
